a Calcium phosphate (CaP) based ceramics are used as bone graft substitutes in the treatment of bone defects. The physico-chemical properties of these materials determine their bioactivity, meaning that molecular and cellular responses in the body will be tuned accordingly. In a previous study, we compared two porous CaP ceramics, hydroxyapatite (HA) and b-tricalcium phosphate (TCP), which, among other properties, differ in their degradation behaviour in vitro and in vivo, and we demonstrated that the more degradable b-TCP induced more bone formation in a heterotopic model in sheep. This is correlated to in vitro data, where human bone marrow derived mesenchymal stromal cells 
Introduction
In the occurrence of a bone defect due to trauma or tumor resection, bone void fillers are needed to regain the bone's original properties and functions. Autologous bone grafting (autograft), in which healthy bone is collected and transplanted to the defect, is the most frequently applied therapy in such situations. Autografts are osteoinductive (i.e. they induce commitment of undifferentiated cells to become osteoblasts) and osteoconductive (i.e. provide a framework for bone ingrowth), two properties that determine successful bone regeneration. However, the amount of bone that can be collected is limited, and furthermore, the method may pose severe disadvantages, such as donor-site pain and morbidity. 1 Due to these limitations, and concomitant with an increasing world population, there is an urgent demand for bone graft substitutes (BGS). 2 Among BGS, synthetic calcium phosphate (CaP) ceramics are widely used because their chemical composition resembles that of bone mineral. [3] [4] [5] Besides, the majority of CaP ceramics are osteoconductive, providing excellent osteointegration between the host bone and the implant. Ideally, CaP BGS should also possess intrinsic osteoinductivity, however only a sub-class of these materials has been shown osteoinductive, as demonstrated by de novo bone formation upon heterotopic implantation, for example in muscle (without cells or growth factors) in pre-clinical animal models. 6, 7 In the past few decades, several formulations of CaP ceramics have been developed that vary, in terms of chemical composition, in crystallinity and macro-and micro-scaled structural features. In general, most formulations include macro-scaled pores, which are void spaces in the structure that allow ingrowth of cells, blood vessels and tissue, and some contain micro-scaled pores as well (defined as having a diameter smaller than 10 mm). Chemical composition of the material is often characterised by the calcium to phosphate ratio (Ca/P). In general, lower Ca/P ratios lead to a higher dissolution rate. For instance, hydroxyapatite (HA), with a Ca/P ratio of 1.67, dissolves slower than tricalcium phosphate (TCP), whose Ca/P ratio is 1.5. 8, 9 However, all above mentioned properties, together with mechanical properties and the presence of cells, such as osteoclasts, can affect CaP degradability. So far, there has been no clear link between the physicochemical properties of CaP BGS and their bioactivity at the molecular level. Further impairing such knowledge is the fact that a stringent comparison between different studies and labs cannot be done. Although a material might bear the same name in different publications, usually following its chemical composition, other properties can be different due to the protocols used for its preparation. Nonetheless, a fundamental understanding of the physico-chemical properties of a particular set of materials that drive specific molecular and cellular responses might improve the design of CaP biomaterials and perhaps unlock other clinical therapies for bone regeneration, not considered so far.
Within limits, in vitro models can help understanding how CaP ceramics regulate osteogenic differentiation of cells.
As such, CaP based materials and their bioactivity in terms of osteogenic differentiation (in vitro), and in some cases, correlation with bone-forming capacity (in vivo) have been a subject of intensive research. For instance, Matsushima and colleagues 10 observed that bone marrow-derived mesenchymal stromal cells (MSC) combined with b-TCP formed more bone in a subcutaneous in vivo model in nude rats, than MSC grown on HA. Although in both cases MSC were alkaline phosphatase (ALP) positive in vitro prior to implantation, there was no quantitative analysis of ALP staining. Tan et al.
11 also observed that HA and biphasic calcium phosphate (BCP) induced expression of osteogenic markers in C2C12 cells but did not quantify the differences between the two ceramics. SaOS-2 cells showed higher levels of ALP activity when cultured in HA (Osbone s ) granules than when cultured in b-TCP (Cerasorb s ) but differences between the two ceramics in gene expression of typical osteogenic differentiation markers, such as osteopontin (OP), bone sialoprotein (BSP) and osteonectin (ON), were not observed. 12 Similarly, HA also induced higher levels of ALP gene expression in SaOS-2 cells than BCP or TCP did, but no statistically significant differences were detected regarding expression of OC, ON and collagen type I (Col I).
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In contrast, we showed that MSC cultured in b-TCP did express more OP, OC, Col I and BSP than in HA after 7 days. In addition we also showed that b-TCP, without cells, induced 5 times more bone formation than HA, when implanted intramuscularly in dogs (osteoinduction), 14 further correlating in vivo bone forming capacity and osteogenic differentiation potential in vitro.
Since b-TCP and HA used in our study showed clear differences in in vitro dissolution rates, we hypothesized that calcium ion (Ca 2+ ) dissolution is a factor driving MSC osteogenic differentiation in vitro and bone formation in vivo. More recently, we actually demonstrated that indeed MSC express more OP, OC, BSP and in addition more BMP-2 in a high Ca 2+ concentration ([Ca 2+ ]) milieu than in a low one, 15 in accordance with the osteogenic profile of cell selected by b-TCP (higher solubility) and HA (lower solubility).
14 In this study, we used MSC to investigate the biological mechanism that leads to such distinct osteoblastic phenotypes on b-TCP versus HA. We analysed MSC gene expression differences at very early time points through DNA microarray analysis. Also, we further characterized physico-chemical properties of these ceramics associated with their dissolution/precipitation surface events.
Materials and methods

HA and b-TCP fabrication
HA ceramics were prepared from HA powder (Merck) using the dual-phase mixing method and sintered at 1250 1C for 8 hours, according to a previously described method. 16 b-TCP ceramics were prepared from TCP powder (Plasma Biotal) and sintered at 1100 1C. Ceramic particles were cleaned ultrasonically with acetone, 70% ethanol and demineralized water and dried at 80 1C. Particles were sieved to obtain a 1-2 mm sized particle batch, and were autoclaved prior to use. For a detailed physicochemical characterization of these materials the reader is referred to Yuan et al.
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Inductively coupled plasma-optical emission spectrometry
In a previous study, we showed the Ca 2+ release profile from HA and b-TCP in simulated physiological saline (SPS) for approximately 3 hours. 14 Here, we studied the release profiles of Ca
2+
and PO 4
3À
, on a time scale corresponding to cell culturing experiments (days). Fifteen particles of either HA or b-TCP were immersed in 10 ml of either simulated physiological saline (SPS; 0.8% NaCl, 50 mM HEPES, pH 7.3) or minimum essential medium a (a-MEM, Gibco) for four hours, then solutions were refreshed with 500 ml of respective liquid and after four hours, refreshed again, but this time, with 10 ml. All incubation steps were carried out in a 5% CO 2 humid atmosphere at 37 1C, according to what is usually done in cell culture experiments: ceramics pre-wetting for 4 hours, followed by cell seeding in low volume and then addition of cell culture medium. For a schematic representation of procedures see Fig. 1A .
At 
Fourier transformed infrared spectroscopy
Ceramic particles that remained in the tubes after removing solutions for ICP-OES analysis were transferred to new tubes and dried at room temperature for analysis using Fourier transformed infrared spectroscopy (FTIR, Perkin-Elmer Spectrum 1000).
Scanning electron microscopy
Samples for scanning electron microscopy (SEM) were fixed in 10% formalin (Sigma), dehydrated in an ethanol gradient series and dried using critical point dryer equipment (CPD 030, BAL-TEC). The samples were then gold-sputtered and imaged with SEM in secondary electron mode (XL30 ESEM-FEG, Philips). In the case of samples without cells, only the dehydration and subsequent steps were performed.
Cell culture and proliferation
MSC were previously characterized as multipotent and comply with the standard CD marker panel that defines MSC. 17 
MSC culture on ceramic scaffolds
HA and b-TCP were incubated in BM for 4 hours prior to cell seeding for optimal infiltration of medium into the ceramic pores and protein adsorption to the surface. Three particles of either HA or b-TCP were placed in one corner in squared wells of polystyrene plates. A cell suspension of 100 ml MSC in passage 2 or 3 in BM was pipetted on top of each particle set.
To ensure maximum cell adhesion to the ceramic surface, plates were tilted to avoid cell dispersion throughout the well. Cells were allowed to attach for 4 hours after which 2 ml of osteogenic differentiation medium (OM; BM containing 10 nM dexamethasone (Sigma)) were slowly added to each sample. OM was refreshed every 2 days. MSC cultured in b-TCP or HA are referred to as MSC-TCP and MSC-HA respectively. 
RNA isolation and gene expression analysis using quantitative qPCR
Total RNA was isolated from biological triplicates of MSC-TCP or MSC-HA after 12 hours, 2, 3, 5 and 7 days of culturing using a combination of the TRIzol (Invitrogen) method with the NucleoSpinRNA II isolation kit (Macherey-Nagel). Samples were rinsed in PBS and 1 ml of TRIzol reagent was added. After 1 freeze-thaw cycle, 200 ml chloroform was added per sample followed by centrifugation to achieve phase separation. The aqueous phase, containing the RNA, was collected, mixed with an equal volume of 75% ethanol and loaded onto the RNA binding column of the NucleoSpinRNA II isolation kit. Subsequent steps were in accordance with the manufacturer's protocol. RNA was collected in RNAse-free water. The quality and quantity of total RNA were analysed using gel electrophoresis and spectrophotometry. First strand cDNA was synthesized using iScript (Bio-Rad) according to the manufacturer's protocol. One ml of undiluted cDNA was used for quantitative real time PCR performed on a Light Cycler PCR machine (Roche) using SYBR green I master mix (Invitrogen). For 18S amplification, cDNA was diluted 100Â. The PCR amplifications were run under the following conditions: initial denaturation for 5 minutes at 95 1C, then cycled 45 times at 95 1C for 15 seconds, specific annealing temperature for 30 seconds and 72 1C for 30 seconds, followed by a melting curve. Primer sequences can be found in Table 1 . PCR data were analysed using Light Cycler software version 3.5.3, using the fit point method by setting the noise band to the exponential phase of the reaction to exclude background fluorescence. Expression of all genes was normalised to 18S levels and fold inductions were calculated using the comparative DCT method.
cRNA synthesis and whole genome microarray analysis Total RNA was isolated as described before, from biological triplicates of MSC-TCP or MSC-HA after 12 hours and 2 days of culturing. RNA concentration was determined by absorbance at 260 nm using the Nanodrop ND-1000 and quality and integrity were verified using the RNA 6000 Nano assay on the Agilent 2100 Bioanalyzer (Agilent Technologies). Next, 100 ng of total RNA was used for transcriptional profiling with Affymetrix 3 0 IVT microarray analysis (Affymetrix, Santa Clara, CA, USA) using the Affymetrix 3 0 IVT Express Kit (part nr. 901229) to generate Biotin-labeled antisense cRNA. cRNA quality was assessed using the Agilent 2100 Bioanalyzer. The labeled cRNA was used for hybridization to Affymetrix HT HG U133+ PM 16-Array Plate following the Affymetrix 3 0 IVT Express manual.
After an automated process of washing and staining by the GeneTitan machine (Affymetrix, Santa Clara, CA, USA) using the Affymetrix HWS Kit for GeneTitan (part nr. 901530), absolute values of expression were calculated from the scanned array using the Affymetrix Command Console v3 software.
Further analysis was performed using the RDN normalization toolbox. 18 After normalization, genes were ranked based on their fold change difference between b-TCP and HA materials, for each separate time point. Using the rank product test, 19 a combined list was created with genes that showed consistent high fold changes at both time points. The False Discovery Rate (FDR) was used to correct for multiple testing.
Statistical analysis
Statistical analysis is indicated in the respective figure legends. ] measurements in SPS suggested a continuous dissolution of ions, at least in the case of b-TCP, and measurements in a-MEM suggested precipitation of CaP salts on both ceramics. Therefore we hypothesized that the chemical composition of the ceramics was changing in time due to dissolution/precipitation events. 
Name
Primer sequences 
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Following a similar experimental setup depicted in Fig. 1A , but collecting the ceramics instead of the incubation solutions (Fig. S1A, ESI †) , FTIR analysis was performed on bulk ceramics immersed for 52 hours in SPS and a-MEM and in addition, on a sample immersed in BM. No obvious differences in the FTIR spectra were observed between the conditions tested.
HA and b-TCP surface imaging
To assess whether signs of dissolution/precipitation events were visible on HA and b-TCP, we imaged the surfaces before (blank) and after immersion in SPS, a-MEM or BM for 2 days, the results of which are shown in Fig. 2 .
In the blank images, it can be appreciated that the grains of HA surfaces are larger than those of b-TCP and that HA has fewer micropores, as was previously shown.
14 After 2 days of incubation in SPS, no considerable changes in surface morphology were observed in either ceramic. However, after immersion in a-MEM, surfaces of both HA and b-TCP were covered with crystals that grew perpendicular to the ceramic surface (Fig. 2 , high magnification). Immersion in BM resulted in irregular precipitates of approximately 1 to 2 mm in size, heterogeneously distributed throughout the b-TCP surface, while no obvious surface change was detected in BM-immersed HA.
The surfaces of b-TCP and HA exhibited a new crystalline phase when immersed in a-MEM, but not when immersed in SPS or BM for 2 days.
MSC attachment and spreading at early time points
Next, we investigated MSC adhesion to the ceramic particles. We pre-wetted b-TCP and HA in BM for four hours and then seeded 600 000 MSC per 3 particles of either HA or b-TCP. After 4 hours, 2 ml of OM were added per sample and 4 hours and 1 day later, samples were imaged with SEM (Fig. 3) .
After four hours, individual cells could be distinguished on HA but their adhesion to the surface seemed to be less strong than that of MSC spread on the b-TCP surface. After 1 day, similar images were obtained, showing that MSC were well spread on b-TCP (white arrows in Fig. 3 ) whereas in HA patches of poorly adhered MSC were seen.
MSC-TCP vs. MSC-HA osteogenic profile
We knew, from previous work, that after 7 days of culture, MSC-TCP express higher levels of OP, OC and BSP than MSC-HA. 14 Since our most recent work correlates Ca 2+ with expression of the aforementioned genes and with that of BMP-2, 15 we analysed expression of all four genes in MSC-TCP and MSC-HA, to investigate up to which extent the expression of osteogenic markers correlates between b-TCP and high content Ca 2+ medium, and HA and low content Ca 2+ medium, respectively.
Results from 2 donors (Fig. 4) show that expression of OC and OP was significantly higher in MSC-TCP than in MSC-HA.
Although differences between MSC-TCP and MSC-HA were not statistically significant for any donor in the case of BMP-2 or BSP, MSC-TCP exhibited a consistent higher expression of BMP-2 than MSC-HA. Next, we analysed the expression of the same genes at 12 hours, 2, 3, 5 and 7 days to see whether the gene expression differences between MSC-TCP and MSC-HA could be detected earlier than day 7. As shown in Fig. 5 , differential gene expression between the two conditions was only visible, in general, after day 5. At this time point, however, MSC-TCP expressed 3 times more BMP-2 than MSC-HA, in line with what was observed before (Fig. 4) . At day 7, expression of OC, OP and BSP was always higher in MSC-TCP. Most profound was the expression of OP, which was 40 times higher in MSC-TCP than in MSC-HA.
These experiments demonstrate that b-TCP promotes upregulation of OC, OP, BSP and BMP-2 expression in MSC, compared to HA. Before day 5, however, there was no statistical significant differential gene expression between MSC-TCP and MSC-HA for the markers analysed. 
MSC-TCP vs. MSC-HA whole genome microarray
To further correlate extracellular signals provided by the ceramics with specific molecular and cellular responses at early stages of culturing, we performed a whole genome microarray.
We decided to look for high fold changes in gene expression, at both 12 hours and 2 days, between MSC-TCP and MSC-HA, in order to find those genes that were early, strongly and consistently affected by b-TCP over HA. In Table 2 , we report 70 genes that have a False Discovery Rate (FDR) of r0.10, as determined by the Rank Product test, that shows the largest difference in expression between b-TCP and HA, at both time points. The genes here shown will be later discussed in terms of relevant signaling pathways and biological functions. Also to provide insight into biological functions regulated by b-TCP, analysis with Gene Ontology enrichment was performed, based on 145 probe sets having a FDR o 0.2. Enriched biological process 
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Integr. Biol. View Article Online terms were clustered on functional similarity to enhance their interpretability, using the method made available by DAVID. 20 In Table 3 , three clusters from the top 15 are presented, whereas all enriched clusters are shown in Table S1 (ESI †). Expression of genes in the top 3 of Table 2 (RGS2, GPCR5A and BHLH40) was further confirmed by qPCR analysis. RGS2 and GPCR5A were upregulated in MSC-TCP compared to MSC-HA (Fig. 6 ) after 2 days, but not after 12 hours. For BHLHE40, results were consistent with the microarray, but not statistically significant.
Discussion
In this manuscript, we analysed the expression of osteogenic markers in MSC grown on b-TCP and HA (Fig. 4 and 5) , and using microarray analysis, we discovered novel genes whose expression is strongly evoked by b-TCP at early time points of culture ( Table 2 and Fig. 6 ). Furthermore, we tried to correlate the solubility of b-TCP and HA (Fig. 1, 2 and Fig. S1 , ESI †) with our biological findings, as based on our previous work, and we hypothesized that this might be a key physico-chemical parameter in mediating the bioactivity of these ceramics.
We have shown in the past that MSC exhibit an osteogenic phenotype in culture medium containing high [Ca 2+ ] (CaM).
BMP-2 expression is induced within 6 hours after exposing MSC to CaM and, at later time points, OC, OP and BSP are induced as well. 15 In this manuscript, analysis of osteogenic marker genes also revealed higher expression of OC, OP, and BSP in MSC-TCP than in MSC-HA, consistent in all donors except for BSP. Furthermore, BMP-2 was also upregulated by MSC-TCP R FC1 /R FC2 : position in the rank of genes according to fold change on day 1 (FC1) or day 2 (FC2) (the larger the fold change, the lower the rank); FDR: false discovery rate. (Fig. 1) . SPS is an in vitro solution resembling pH and ionic strength of human blood plasma (obtained by dissolution of NaCl salt), however it is, in contrast to blood plasma, not saturated towards calcium phosphates (dicalcium phosphate dihydrate, octacalcium phosphate, HA). Upon immersion of any calcium-phosphate ceramic, release of calcium and phosphate ions will occur, the extent of which depends on the solubility of the calcium-phosphate phase as well as other physical properties of the ceramic. Since b-TCP is much more soluble than HA, continuous release of both calcium and ions was observed during 56 hour experiment. Release of ions from HA was too low to be determined within 56 hours.
a-MEM, the basic constituent of the cell culture medium used in these experiments, contains both calcium and phosphate ions, thus its mineral composition differs from that of SPS. In a-MEM, the possibility of obtaining supersaturation of calcium and phosphate ions (from the medium itself and/or as a result of ceramic degradation) in the vicinity of the ceramic, followed by precipitation of new calcium-phosphate crystals on the ceramic surface (as shown in Fig. 2) , is therefore much larger than in SPS. This process of dissolution/reprecipitation is continuous, and will eventually occur faster in the more soluble ceramic. However, considering that release experiments were limited to 56 hours in the present study, no obvious differences between the two ceramics immersed in a-MEM could be measured.
When immersed in BM, however, HA and b-TCP surfaces were similar to those observed in the blank and SPS-immersed ceramics (Fig. 2) . The presence of proteins in BM may have impeded the development of a new crystalline phase, as proteins are known to affect the original nucleation or crystal growth rate observed in CaP ceramics. 24, 25 Though the presence of irregular precipitates was detected in BM, these were possibly due to precipitation of NaCl. Furthermore FTIR data did not reveal any significant differences in the chemical composition of samples analysed at day 2, perhaps because surface changes were of too low magnitude to be detected in the midst of the bulk. Although we did not detect differences in the surface dynamics of HA and b-TCP when immersed in BM (FTIR and SEM), microarray data analysis showed evidence of ongoing inorganic cation homeostasis and in particular Ca 2+ homeostasis upregulation by b-TCP compared to HA ( Table 2 , it is interesting to note that GPCR5A and the regulator of G-protein signaling (RGS2) are related with G-protein coupled receptor (GPCR) signaling. 26 Expression of these genes was further confirmed by PCR, showing that RGS2 and GPCR5A were expressed, respectively, 10 and 100 times more in MSC-TCP than in MSC-HA at day 2. At 12 hours differential expression was not confirmed by PCR. In particular, RGS2 has been linked with osteogenic differentiation and osteoblasts proliferation [27] [28] [29] and its expression can be regulated by cAMP. 30 Expression of GPCR5A, also known as Fig. 6 Genes differentially regulated between MSC-TCP and MSC-HA analyzed by PCR. DNA microarray analysis showed that the top scored genes regulated by b-TCP were RGS2, GPCR5A and BHLHE40 (Table 2 ). Fold induction of RGS2, GPCR5A and BHLHE40 measured by PCR shows that after 12 hours (white bars) there were no statistically significant differences between MSC-TCP and MSC-HA, whereas after 2 days there are in the case of RGS2 and GPCR5A. Statistical analysis was performed with one-way ANOVA and Tukey's multiple comparison post-test (p o 0.05 and n = 3).
retinoic acid inducible gene 1 (RAIG1), has been linked with differentiation and maintenance of homeostasis in epithelial cells and maturation of lung and kidney during embryonic development. 31 Furthermore GPCR5A expression has been associated with cancer development. 32 Over expression of this gene also led to a decrease in cAMP accumulation and Gsa down regulation. 33 Genes coding for members of the Protein Kinase A (PKA) signaling cascade, regulated by cAMP cytosolic accumulation, which is downstream of GPCR signaling, also appear in Table 2 . For instance, A kinase anchor protein 12 (AKAP12) binds to PKA and drives its subunits within the cell. Furthermore, both ATF3 and HES1 transcription is regulated by cAMP response element binding (CREB), 34, 35 supporting a strong upregulation of the PKA signalling pathway by b-TCP compared to HA. In addition, SIK1 is a PKA target protein 36 and GDF15, CTGF and amphiregulin expression are PKA dependent as well. [37] [38] [39] Future experiments will be aimed at looking in more detail at the involvement of PKA signaling in MSC-TCP induced gene expression and at identifying the molecules responsible for the induction. Furthermore other genes regulated by b-TCP have been previously linked to osteogenesis, such as GDF15 40 and BHLHE40 41, 42 and interestingly with angiogenesis, VEGFA 43 and IL-8, 44 further suggesting that b-TCP might not only have a pro-osteogenic effect but also a pro-angiogenic one. Indeed cluster 13 shows enrichment of terms related with blood vessel formation.
Although we suggest that Ca 2+ dissolution plays a role in osteogenesis of MSC cultured in b-TCP, we do not exclude the effect of other physico-chemical parameters. We have also shown that MSC attachment and spreading are different between HA and b-TCP, as suggested by SEM analysis, which was not further explored here. Differences in cell attachment could be due to different microstructure or charge of these materials that lead to differential protein adsorption and consequent differential focal adhesion assembly.
Conclusion
We confirmed higher solubility of b-TCP in SPS when compared to HA, although a clear link between Ca 2+ dissolution from b-TCP and osteogenesis of MSC could not be established. However, microarray analysis detected upregulation of Ca 2+ homeostasis in MSC-TCP after 12 and 48 hours of culturing as compared to MSC-HA, and furthermore PCR analysis showed that b-TCP significantly increased expression of genes in MSC that are characteristics of high [Ca 2+ ] content medium, such as BMP-2, OP, OC and BSP. Furthermore, microarray analysis showed that GPCR signaling and PKA pathways are strongly upregulated by b-TCP over HA.
